energy demand caused by a large increase in cardiac work. 6 On the other hand, subcutaneous administration of ISO reportedly depolarized the cardiac mitochondrial membrane potential (∆ m) and decreased the respiratory state 3 activity, suggesting ISO-induced mitochondrial dysfunction. 7 It has been reported that BAR activation provokes oxidative stress in the heart 8 and the cell damage by catecholamines has been attributed to their oxidation metabolites, which antioxidation prevents. 9 Furthermore, a BAR blocking agent, carvedilol, has been reported to inhibit mitochondrial superoxide production. 10 However, the sources and precise mechanisms of reactive oxygen species (ROS) generation by catecholamines are still in debate.
Recently, PKA anchoring proteins (AKAP) and phosphorylation sites for the substrates of PKA were identified on the mitochondrial outer membrane. 11, 12 AKAP plays an important role as the delivery system of cAMP or PKA to the localized domains of targeting proteins. Although PKA can phosphorylate many substrates in vitro, PKA in vivo may preferentially target the sites that are near AKAPs, which implies that there could be a direct effect of PKA on mitochondrial function by phosphorylating as yet unknown proteins on the mitochondrial membrane. In isolated mitochondria, PKA activates proteins of the respiratory chain complex I; 13 however, relatively little is known about the relationship between ∆ m, the redox state and PKA in the cell level.
The aims of this study were to (1) determine the effect of PKA on mitochondrial function, (2) clarify whether PKA induces ROS generation in mitochondria and (3) examine how the generated ROS contribute to the changes in mitochondrial function.
Methods

Cells Isolation and Permeabilization of the Cell
This investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) . Isolated myocytes from male SpragueDawley rats (250-300 g) were obtained by enzymatic dissociation and the cells were kept in modified Kraft-Brühe solution, [14] [15] [16] which contained (mmol/L) 70 KOH, 40 KCl, 20 KH2PO4, 3 MgCl2, 50 glutamic acid, 10 glucose, 10 HEPES, and 0.5 EGTA (pH 7.4 with KOH). Just before the experiments, the cells were placed in a chamber and perfused with normal Tyrode solution, composed of (mmol/L) 143 NaCl, 5.4 KCl, 0.5 MgCl2, 0.25 NaH2PO4, 1 CaCl2, 5.6 glucose and 5 HEPES (pH 7.4 with NaOH). All experiments were conducted at room temperature (22°C) within 6 h of cell isolation. For the permeabilization of the sarcolemmal membrane, the cells were perfused with saponin (0.05 mg/ml) in a Ca 2+ -free internal solution, which contained (mmol/L) 50 KCl, 80 K-asparate, 2 Napyruvate, 20 HEPES, 3 MgCl2 -6H2O, 2 Na2ATP, 3 EGTA (pH 7.3 with KOH). After the sarcolemmal membrane was permeabilized, the concentration of free Ca 2+ in the internal solution ([Ca 2+ ]c) was increased according to the experimental protocol. [Ca 2+ ]c was obtained by mixing EGTA and CaCl2, calculated with a computer program (WIN MAXC, provided by Stanford University). Experiments were performed using a laser scanning confocal microscope (LSM 510, Zeiss) coupled to an inverted microscope (Axiovert S100, Zeiss) with a ×63 water-immersion objective lens ([NA] =1.3; Zeiss).
Imaging of Flavin Adenine Dinucleotide (FAD) Oxidation
The mitochondrial redox state of a single myocyte was assessed by measuring FAD-linked protein fluorescence. Endogenous FAD autofluorescence was excited at 488 nm with an argon ion laser and fluorescence was collected through a 505-nm long-pass filter. Two-dimensional (D) images were acquired at 1-5 min intervals. The FAD signal decreased to a minimum in the presence of a cytochrome oxidase inhibitor cyanide (CN -, 2 mmol/L), and increased when exposed to a mitochondrial uncoupler 2,4-dinitrophenol (DNP, 100 mol/L). CN -and DNP are expected to cause maximum reduction and oxidation, respectively. 16 Each signal was calibrated as 0% for CN --induced complete reduction and as 100% for DNP. Fluorescence intensity was integrated over the regions of interest (ROI: 30×30 pixels), excluding the nuclei and the edge of the cell.
Measurement of ∆ m
For the measurement of ∆ m, permeabilized myocytes were loaded with a continuous perfusion of fluorescent indicator tetramethylrhodamine ethyl ester (TMRE: 20 nmol/L). TMRE was excited at 543 nm with a helium -neon laser, and the emission signals were collected through a 560-nm long-pass filter. Data were presented as the % of the TMRE signal before the administration of drugs. Fluorescence intensity was integrated over the ROI (30×30 pixels), excluding the nuclei and the edge of the cell.
Measurement of ROS in Skinned Myocytes
For the measurement of the generation of ROS, permeabilized myocytes were loaded with a continuous perfusion of a fluorescent indicator 2'7'-dichlorofluorescin diacetate (DCF: 10 mol/L). Cells were excited with the 514 nm line of the argon laser, and the emission signals were collected through a 530-nm long-pass filter. The fluorescent intensities at the identical ROI (30×30 pixels) were monitored every 1-5 min to analyze the changes in the DCF signals.
Chemicals and Data Analyses
All chemicals were obtained from Sigma (St Louis, MO, USA) and fluorescent dyes were purchased from Molecular Probes (Eugene, OR, USA). Data were analyzed by laser confocal microscopy LSM510 Version 2.5 SP2 and presented as means ± SEM. The number of objective cells in each single experiment is 0-4. The number of cells or experiments is shown as n. Statistical analyses were performed using t-test or repeated ANOVA. A level of p<0.05 was 
Results
Effects of PKAcat on FAD
To investigate whether PKAcat affects mitochondrial oxidative phosphorylation, the effects of PKAcat on FAD autofluorescence as an index of the mitochondrial redox state were examined in permeabilized myocytes. Fig 1A shows the time course of the changes in FAD fluorescence with 5, 25 and 50 units/ml of PKAcat and without PKAcat. After 20 min perfusion of PKAcat, 25 and 50 units/ml PKAcat reversibly increased FAD fluorescence by 13.0±5.6% (p< 0.01; n=8) and 56.6±7.9% (p<0.01; n=13), respectively. From these results, we used 50 units/ml of PKAcat in the following studies, unless stated differently.
When myocytes were pretreated with a PKA inhibitor fragment 14-24 trifluoroacetate salt (PKI; 20 and 80 mol/L) for 10 min and then PKAcat (50 units/ml) was added in the continuous presence of PKI, the PKAcat-induced increase in FAD was significantly decreased to 31.8±3.5% (20 mol/L; p<0.01 vs without PKI; n=10) and 15.7±5.8% (80 mol/L; p<0.01 vs without PKI; n=5) after 20 min (Fig 1B) . 
Effects of PKAcat on ∆ m
In the next series of experiments, we examined the effects of PKAcat on ∆ m by measuring the TMRE intensities. The 2-D images of TMRE before and after the administration of 50 units/ml PKAcat are shown in Figs 2A and B shows the concentration-dependent effects of PKAcat on the reduction of TMRE signal. PKAcat-induced TMRE alterations were not observed at concentrations of PKAcat less than 15 units/ml. Fig 2C shows the time course of the change in TMRE intensities when PKAcat (50 units/ml) was administered, with or without PKI. The exposure to 50 units/ml PKAcat for 20 min reversibly decreased TMRE fluorescence to 48.1±9.5% of the control (p<0.01; n=6). When cells were pretreated with PKI, the PKAcat-induced reduction of the TMRE signal was inhibited, and TMRE intensity decreased to 83.1±5.0% (20 mol/L; p<0.01 vs PKAcat; n=6) and 88.9±9.5% (80 mol/L; p<0.01 vs PKAcat; n=6) after 20 min.
To investigate the effect of Ca 2+ in the PKAcat-induced depolarization of ∆ m, the changes in PKAcat-induced TMRE fluorescence were measured in the presence (200 nmol/L) and absence of Ca 2+ in the internal solution. Fig 2D is a representative recording of TMRE fluorescence with and without Ca 2+ in the internal solution. The data summarized in Fig 2E indicated that there was no difference in the PKAcat-induced TMRE signal reduction with or without Ca 2+ in the internal solution.
Effects of PKA on ROS Generation in Skinned Myocytes
It has been reported that BAR activation provokes oxidative stress in the heart, 17 so to assess whether PKAcat increases ROS generation in permeabilized myocytes, we examined the effect of PKAcat on DCF intensities.
The 2-D images of DCF before and after the administration of 50 units/ml PKAcat are shown in Figs 3A and B shows that exposure to 50 units/ml PKAcat reversibly increased DCF fluorescence. Dose-dependent effects of PKAcat on the increases in DCF intensity are summarized in Fig 3C. After 5 min perfusion, 15, 25 and 50 units/ml of PKAcat reversibly increased DCF fluorescence by 3.0±0.2 fold (p<0.05, n=8), 6.9±2.2 fold (p<0.01; n=8), and 10.5±3.3 fold (p<0.01; n=8), respectively.
As shown in Figs 3D and E, when cells were pretreated with a ROS scavenger (Trolox; 100 mol/L), the PKAcatinduced DCF increase was significantly inhibited from 3.8±0.4 to 1.9±0.3 fold (p<0.01 vs PKAcat; n=6). The PKAcat-induced increase in the DCF signal was prevented by perfusion of 20 mol/L PKI (data not shown). These results indicated that perfusion of PKAcat in the permeabilized myocytes caused a concentration-dependent reversible generation of ROS in the mitochondrial matrix.
Effect of ROS Scavenger on PKAcat-Induced FAD and ∆ m Alteration
Next, to determine whether the generated ROS were involved in the regulation of the mitochondrial redox state and ∆ m depolarization, the effects of Trolox on PKAcatinduced FAD and ∆ m alteration were examined. The time course of the changes in FAD fluorescence (Fig 4A) and TMRE fluorescence (Fig 4B) in the absence or presence of Trolox (10 and 100 mol/L) are shown; 100 mol/L Trolox decreased the PKAcat-induced FAD elevation to 27.6±6.7% (p<0.01 vs PKAcat; n=5) after 20 min. As for TMRE, 10 and 100 mol/L Trolox inhibited the PKAcat-induced TMRE depression to 86.8±4.7% (100 mol/L; p<0.01 vs PKAcat; n=8) and 74.0±9.0% (10 mol/L; p<0.01 vs PKAcat; n=7) of the control after 20 min, respectively.
Mechanism of PKAcat-Induced ∆ m Depolarization
Although the mechanism of the depolarization of ∆ m in response to oxidative stress is not fully understood, previous studies have reported 2 possible candidates. Opening of either the mitochondrial permeability transition pore (mPTP) 18 or the mitochondrial inner membrane anion channel (IMAC) 19 is a possibility. To investigate the mechanism of PKAcat-induced ∆ m depolarization, we observed the effects of an mPTP inhibitor, cyclosporine A (CsA) and an IMAC inhibitor, 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) on PKAcat-induced ∆ m depolarization. We have previously reported that 100 nmol/L CsA inhibited the opening of the mPTP in our experimental conditions. 20 
Discussion
In the present study, we investigated the effects of PKAcat on the changes in FAD, ∆ m and the generation of ROS in chemically skinned cardiac myocytes. Our results indicate that (1) PKAcat accelerated FAD oxidation and depolarized ∆ m, (2) PKAcat increased the production of ROS in the mitochondrial matrix, (3) scavenging ROS generation inhibited both the oxidation of FAD and the depolarization of ∆ m induced by PKAcat and (4) PKAcatinduced ∆ m depolarization could be mediated by opening of the IMAC.
Measurements of Mitochondrial Function in Permeabilized Myocytes
Previous studies examining the effects of PKAcat on mitochondrial functions have been conducted mainly with isolated mitochondria 12, 21, 22 or direct injection of PKAcat into the cardiomyocyte. 23 By using permeabilized myocytes, the condition of the extramitochondrial medium (ie, cytosolic Ca 2+ and ATP concentrations) was controlled precisely, without changing the intracellular architecture. 20, 24, 25 In intact myocytes, the stimulation of BAR increases [Ca 2+ ]i and the dynamic alteration in [Ca 2+ ]i leads to the changes in [Ca 2+ ]m and thus mitochondrial function. These effects of [Ca 2+ ]i were excluded in skinned myocytes. Interestingly, we observed that the effects of PKAcat on mitochondrial function were independent of the Ca 2+ concentration of the internal solution (Figs 1C,D, 2D,E) . Although BAR stimulation is known to activate several intracellular signaling pathways, such as JNK, p38, and extracellar signal-regulated kinase, 26 permeabilization of the cell membrane loses these cytosolic signaling messengers and proteins, and only the direct effects of PKA on mitochondrial function were examined in the present experimental conditions. It should be also considered that in permeabilized myocytes, the effects of PKA on glycolysis and fatty acid oxidation, which could affect mitochondrial metabolism, would be lost.
We demonstrated dose-dependent effects of PKAcat on FAD, ∆ m and the generation of ROS. The concentrations of PKAcat used in this study were within the range reported in the literature. 27, 28 In the preliminary experiments, we found that the same concentrations of PKAcat in the pipette solution increased the voltage-dependent Ca 2+ current of patch-clamped rat ventricular myocytes (data not shown).
PKAcat-Induced ROS Generation in Mitochondria
It is known that BAR stimulation provokes oxidative stress, causing cardiac cell damage, 17 which antioxidants prevent. There are several extra-mitochondrial sources of ROS and the assignment of the mitochondria as the site of ROS generation is not completely resolved. [29] [30] [31] We demonstrated that PKAcat induced ROS generation and Trolox inhibited PKAcat-induced ROS generation. Furthermore, PKAcatinduced ∆ m depolarization was also inhibited by another ROS scavenger, N-acetylcysteine (NAC; 400 mol/L, data not shown). These results indicate that PKAcat-induced ∆ m depolarization is related to mitochondrial ROS production. Because DCF is not a specific dye for ROS and both NAC and Trolox are broad-spectrum ROS scavengers, it is difficult to identify which type of ROS was responsible for PKAcat-induced ∆ m depolarization.
For the mechanism of ROS generation by BAR stimulation, Singal et al reported that the oxidation of hydroxyl groups in catecholamines causes their conversion to quinines and that the subsequent formation of adenochromes accounts for the hazardous effects of catecholamines. 9 Remondino et al reported that BAR activation rapidly provoked oxidative stress via the phosphorylation of JNK and p38 MAP kinases. 8 The ROS production in the mitochondria contributes to pathological process such as cardiomyopathy, 32 aging, 33 apoptosis, 34 hypoxia, 35 and ischemia/reperfusion. 36, 37 The complexes I and III of the mitochondrial electron transport chain (ETC) are regarded as the major sites of ROS production. It has been reported that PKAcat activates the respiratory chain complex I and/or III, and decreases the generation of ROS in isolated mitochondria. 13, 21, 22 In contrast, our results showed that PKAcat caused an increase in ROS production in the mitochondrial matrix and that this effect of PKAcat on mitochondrial ROS production was independent of the cytosolic (and hence mitochondrial) Ca 2+ concentration. The discrepancies between our results and those of previous studies might be related to difference in the materials used (skinned myocytes vs isolated mitochondria). Further investigation is needed to clarify the mechanism of PKA-induced ROS generation in cardiac myocytes.
PKAcat-Induced ∆ m Depolarization in Skinned Myocytes
We have shown that Trolox inhibited both the PKAcat-induced FAD elevation and ∆ m depolarization (Figs 4A,B) , suggesting that PKAcat-induced ROS generation mediates mitochondrial metabolism.
Zorov et al demonstrated the phenomenon known as mitochondrial ROS-induced ROS release, in which rapid and spatio-temporally heterogeneous discharge of ∆ m in response to oxidative stress occurs with opening of the mPTP. 18 Bera et al reported that phosphorylation of the voltage-dependent anion channel by PKAcat reduced the magnitude and the opening probability of the single channel current, indicating that PKA could, at least in part, modulate mPTP. 38 Recently, Aon et al reported that a single local laser flash triggered synchronized and self-sustained oscillations in ∆ m, NADH and ROS, which were related to the mitochondrial IMAC, but not to mPTP. 19 Our results that the inhibition of the IMAC by DIDS eliminated PKAcatinduced ∆ m depolarization, whereas CsA did not (Fig 5) , support the idea that depolarization of ∆ m by ROS could be related to opening of the IMAC. Furthermore, the PKAcatinduced ∆ m depolarization was also inhibited by inhibitors of the mitochondrial benzodiazepine receptor, 4'-chlorodiazepam (50 mol/L) and PK11195 (50 mol/L), which have been reported to suppress the IMAC more selectively than DIDS 19 (data not shown).
AKAPs are located in the outer mitochondrial membrane and the molecular weight of PKAcat (38 kDa) is too large for it to cross the outer membrane. Therefore, it seems necessary to transform the signal from phosphorylated proteins to the ETC, but the precise signaling cascade from the outer mitochondrial membrane to the ETC remains to be elucidated.
As for the mechanism of PKA-induced ∆ m depolarization, the contribution of FoF1-ATPase, Ca 2+ -activated K + channels and uncoupling proteins should be also considered. Oligomycin, a FoF1-ATPase inhibitor, did not affect PKA-induced ∆ m depolarization or ROS generation in our experiments (data not shown), which indicates that the activity of FoF1-ATPase was unchanged in our experiments.
Recently, it was reported that PKA modulates the opening of the mitochondrial Ca 2+ -activated K + channel, depolarizes ∆ m and attenuates the mitochondrial Ca 2+ overload. 39 Because PKAcat-induced alterations in FAD, ∆ m and ROS generation were independent of Ca 2+ concentration in the present study, there might be less connection between our results and Ca 2+ -activated K + channels. The functional relationship between the Ca 2+ -activated K + channel and the IMAC remains to be investigated.
Finally, it has been shown that ROS can stimulate mitochondrial uncoupling protein, which could depolarize ∆ m. However, the activation of uncoupling protein is inhibited by 100 mol/L of ATP. 40 Our internal solution contained 2 mmol/L ATP, which would profoundly suppress the activity of the uncoupling protein. It is, therefore, unlikely that PKA-induced ∆ m depolarization was related to mitochondrial uncoupling protein in our experiments.
Clinical Implication
It is known that a short exposure to massive concentrations of catecholamines causes reversible left ventricular dysfunction, 41 and that chronic exposure to -adrenergic stimulation leads to progression of irreversible myocardial dysfunction in heart failure.
The mechanisms of the toxic effects of norepinephrine include (1) relative hypoxia because of increased cardiac work, (2) cytosolic and mitochondrial Ca 2+ overload and (3) formation of oxidative catecholamine metabolites. 42, 43 The myocardial cell damage caused by excessive -adrenergic stimulation is inhibited by antioxidative interventions. 9 Our findings that a high concentration of PKA caused both ∆ m depolarization and ROS production suggest another explanation of the impaired cardiac function after exposure to excessive levels of catecholamines. On the other hand, a lower concentration of PKA induced a small increase in ROS generation and little change in ∆ m depolarization. It has been reported that ROS could act as a second messenger in response to the stimulation of intracellular signaling pathways and protect myocytes from pathological conditions such as ischemia/reprefusion injury. 44, 45 Thus, it is also necessary to consider that ROS (induced by the stimulation of BAR) in adequate amounts have beneficial effects on myocardial function.
Conclusion
We demonstrated that in permeabilized myocytes PKA regulated the mitochondrial redox state and ∆ m via mitochodrial ROS generation, and that the PKA-induced ∆ m depolarization was not related to mPTP, but to DIDS-sensitive mechanisms, which could be the IMAC. The depolarization of ∆ m by PKA suggests a direct effect of PKA on mitochondrial function and could explain mitochondrial dysfunction under the condition of extensive BAR stimulation, such as in chronic heart failure.
